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Abstract 
In this paper, we build the relational models between the height of smoke barrier and the flow of gas, the depth and mean temperature of 
smoke layer in critical value, respectively. These models are based on the analysis of gas flow in narrow space of smoke barrier which is 
combined with the classic Hydraulic Jump model in the field of mechanics. For different initial conditions of gas, we simulate the effect 
of smoke barrier height on flue gas flow via the fire dynamics simulation software FDS. The results show that: the air entrainment and the 
depth of smoke layer in critical value are decreasing constantly while the critical mean temperature of smoke layer is raising during the 
increasing of the height of smoke barrier. Thus, when it gets the zero value, the air entrainment and the depth of smoke layer in critical 
value will get the maximum and the critical mean temperature of smoke layer will get the minimum. And when the height of smoke 
barrier greater than or equal the value of z_0, the value of air entrainment will be zero. 
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Nomenclature 
Fr froude number 
v flow velocity (m/s) 
U  density (kg/m3) 
g  gravitational acceleration (m/s2) 
T temperature(ć) 
z height of smoke barrier (m) 
h thickness of smoke layer (m) 
Greek symbols 
ε entrainment coefficient 
Subscripts 
max maximum 
1,2,3,4  section 1,2,3,4 
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1. Introduce 
In recent years, with the continuous development of the construction industry, the narrow spaces, such as tunnel, corridor 
and subway, play a vital role in people’ life. To control the smoke, these narrow space often adopt the smoke barrier. When 
fire occurs, smoke with high temperature rises under the action of buoyancy. And then after hitting the roof to form ceiling 
jet, smoke spread along the roof, at that time, the entrainment phenomenon will happen which will cause the change of the 
height and temperature of smoke layer [1], as shown in Figure 1. This phenomenon is same with hydraulic jump 
phenomenon with the only difference that: the quality and flow of the gas will increase because of the air entrainment which 
will not occur in hydraulic jump phenomenon. 
Wilkinson and Wood [2] et al. mainly research the flow of smoke through theoretical analysis and experiment and 
discover that the whole flow process is similar with the hydraulic jump model, which is spilt into: entrainment zone and 
rolling zone. And the entrainment phenomenon mainly occurs at entrainment zone without an explicit formulation of air 
entrainment. Leschziner [3] et al. propose a k-e numerical model which has certain guiding significance on the research of 
flue gas flow. L.Qu [4] use the method of numerical simulation to investigate the max value of air entrainment in different 
initial conditions. But the final result of numerical simulation is different from the theoretical value since it did not consider 
the influence of the smoke barrier on the entrainment. In this paper, the influence of different initial conditions on the gas 
flow is simulated, which can provide reference for the design of smoke control system and the setting of the smoke barrier. 
2. Numerical model of smoke flow in narrow space 
Based on hydraulic knowledge about hydraulic jump, there is the conservation of momentum in 1-3 area and energy 
conservation in3-4 area [5], as shown in Figure 1. 
 
Figure 1 Smoke flow in narrow space 
Smoke flow in narrow space is very similar to hydraulic jump. The property of the smoke section can be described by 
Fr, which is used to explain the flow property of the section in hydraulic jump:  
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Different Fr can reflect the state of smoke flow. When Fr get to 1, the effect of inertia and gravity is equal, while the 
velocity of smoke is critical. When Fr exceed 1, inertia force of smoke plays a more important role than gravity, and smoke 
is in the jet stream. When Fr less than 1, gravity of smoke plays a more important role than inertia force, and smoke is under 
slow-flow. 
The entrainment coefficient of entrainment zone is supposed as ԑ 
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Energy consumption is large in the entrainment and rotary zone, while the momentum conserve. According to the mass 
balance equation, we can conclude it [5, 6]. 
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The maximum entrainment coefficient can be obtained [5, 6]. 
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In consideration of the formula (4), we can treat h3 as the function of ε and derivative to get the maximum of h3, 
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Because the speed of smoke in section 3 is small and energy loss of flow to reach section 4 is less, which is negligible. 
In the case, energy can be considered conservation in the process [6]. 
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Combined with formula (6), (7), (8), we can obtain the height of smoke barrier 
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When the entrainment coefficient ε reach 0, smoke flow in the narrow space is the same as hydraulic jump, height of 
smoke barrier can be described. 
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This paper studies the smoke barrier effects on smoke flow in narrow space. We can get the two cubic equations about 
smoke barrier height z and entrainment coefficient-ε, by simultaneous equations (4) and (8), and solve a corresponding 
relationship. Based on it, additional smoke layer parameters can be obtained, such as smoke layer thickness and temperature. 
In consideration of complex expression, which can not apply to computer processing and engineering applications, this 
paper use Lagrange interpolation to approximate. The interpolation points are˄ε0, z0˅ǃ˄εp, zp˅and˄εmax, zmax˅, 
corresponding parabolic interpolation polynomials can be obtained.  
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The mass flow for section 4˖ 
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Combined with energy conservation equation˖ 
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Relationship between temperature on section 3 and smoke barrier height as follows: 
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There is very little volume between section 3 and section 4, which is negligible, so T3=T4. 
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3. Numerical simulation of smoke flow in narrow space 
The flow of the smoke in the tunnel was simulated with Fire Dynamics Simulator, which is widely used in the study on 
the smoke flow in the railway and tunnel. 
3.1. The geometric model and boundary condition 
The geometric model is shown in the figure 2. A computing domain of 20m long, 2m width and 4m tall was considered. 
The thickness of the wall is 0.2m. And the ambient temperature and pressure are 20ć and 101325Pa, respectively. The heat 
release rate is 5MW. 
2 m
4
m
 
 
Figure 2 CFD narrow space model 
3.2. Grid settings   
The grid sizing is the key point of the simulation result [7], which depends on the ratio of grid and the fire source 
diameter, δ(x)/D*15, And The diameter is shown as: 
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The smoke temperature and flow speed of FDS simulation result meet with the experimental when the ratio is about 
0.05[8]. Considerate that the size of the geometric is small, four models with different size grid size is compared in the case 
of t 5 MW fire. 
˄1˅δ(x)/D*=0.03ˈgrid size˖0.05 m×0.05 m×0.05 m 
˄2˅δ(x)/D*=0.04ˈgrid size˖0.07 m×0.07 m×0.07 m 
˄3˅δ(x)/D*=0.05ˈgrid size˖0.09 m×0.09 m×0.09 m 
˄4˅δ(x)/D*=0.06ˈgrid size˖0.11 m×0.11 m×0.11 m 
The smoke arrow diagrams with different grid sizing are shown in the figure 3. Comparing with the four results, we 
can find that the process of the smoke flow is better with the grid size decreasing. And entrainment and eddy formation is 
shown in the figure 3(a).  
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 ˄a˅       ˄b˅  
                 ˄c˅       ˄d˅  
Figure 3 Velocity vector of smoke flow in narrow space in under the different grid size conditions of (a) 0.05 m×0.05 m×0.05 m, (b) 0.07 m×0.07 m×0.07 
m, (c) 0.09 m×0.09 m×0.09 m and (d) 0.11 m×0.11 m×0.11 m 
In conclusion, the grid size simulation domain is 0.05 m×0.05 m×0.05 m 
3.3 Scene Settings 
The influence of the vertical wall on smoke flow, smoke layer thickness and temperature in the Narrow space was 
studied, which is depends on the initial condition of the ceiling jet. So, the scene that the smoke is provided by vent is used 
in the simulation to study the influence of the height of the vertical wall on the flow of the smoke. and the scene is 
combined with the actual scene. So, 27 fire scenes are confirmed, which is shown in the table 1. 
Table 1 Fire scenarios  
Number Fr1 
thickness of 
smoke layer(m) 
height of 
smoke 
barrier(m) 
Number Fr1 
thickness of 
smoke layer(m) 
height of 
smoke 
barrier(m) 
1 3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
0.4 0 15 5.0 0.4 0.3 
2 0.4 0.2 16 5.0 0.4 0.5 
3 0.4 0.3 17 5.0 0.4 0.6 
4 0.4 0.5 18 5.0 0.4 0.7 
5 0.4 0.6 19 5.0 0.4 0.9 
6 0.4 0.691(zp) 20 5.0 0.4 1.1 
7 0.4 0.8 21 5.0 0.4 1.319(zp) 
8 4.0 0.4 0.3 22 6.0 0.4 0.5 
9 4.0 0.4 0.5 23 6.0 0.4 0.6 
10 4.0 0.4 0.6 24 6.0 0.4 0.7 
11 4.0 0.4 0.7 25 6.0 0.4 0.8 
12 4.0 0.4 0.99(zp) 26 6.0 0.4 1 
13 4.0 0.4 1.2 27 6.0 0.4 1.2 
14 4.0 0.4 1.4 28 6.0 0.4 1.4 
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4. Simulation results and analysis 
4.1. Effect of smoke barrier on the smoke flow 
(a)     (b)  
(c)     (d)  
Fig.4 Effect of smoke barrier on smoke mass flow in the different conditions of (a) Fr=3, (b) Fr=4, (c) Fr=5, and (d) Fr=6 
Figure 4 shows the effect of smoke barrier in narrow space on smoke mass flow, it can be seen from the figure, the 
amount of smoke entrainment gradually decreases with the increasing height of the smoke barrier, which is due to increased 
smoke barrier height shortens the length of the entrainment region. When the height of smoke barrier is equal to zero, the 
amount of smoke entrainment is the maximum, and the smoke flow can reach more than 2 times the initial flow rate. When 
the height of smoke barrier reach z0, the air entrainment almost is zero. As can be seen from FIG. 8 and 9, the analog value 
is lower than the theoretical value when the Fr is large, which is due to the increasing speed of the smoke, resulting in an 
increase in turbulence and reflux flow to the other side under the influence of smoke barrier, so that the analog value is 
relatively low, but errors are less than 15%, which meet the engineering requirements. 
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4.2. Effect of smoke barrier on the smoke layer depth 
(a)     (b)   
 
(c)      (d)  
Fig.5 Effect of smoke barrier on the thickness of critical smoke layer in the different conditions of (a) Fr=3, (b) Fr=4, (c) Fr=5, and (d) Fr=6 
Figure 5 shows the effect of smoke barrier in narrow space on the thickness of critical smoke layer, it can be seen from 
the figure, the thickness of critical smoke layer gradually decreases with the increasing height of smoke barrier, which is 
due to the increasing height of smoke barrier shorten the length of entrainment region and reduce the amount of entrainment, 
so that critical smoke layer thickness decreases. When the height of smoke barrier is equal to zero, the critical smoke layer 
thickness is maximum. Therefore, when you set up smoke barrier, we should consider the relationship between smoke 
barrier thickness and height of the critical the smoke layer, which is beneficial to maximize the height of the smoke layer 
and not affect the safety evacuation. As can be seen from FIG. 12 and 13, the analogy value is lower than the theoretical 
value when the Fr is large, which is due to the increasing speed of the smoke, resulting in an increase in turbulence and 
reflux flow to the other side under the influence of smoke barrier, so that the mass flow rate of the analogy value is 
relatively low, corresponding critical smoke layer height is lower, but errors are less than 15%, which meet the engineering 
requirements. 
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4.3. Effect of smoke barrier on the smoke layer depth 
(a)  (b)  
Fig.5 Temperature change of smoke in the condition of (a) Fr=3, z=0.5 m and (b) Fr=4ˈz=0.7 m 
As shown in Figure 5, smoke of 100 ćand 200ć respectively emit from the vent, which have the process of rotary 
rolling and rolling over smoke barrier. Resulting from entraining large quantity of air, the temperature of the smoke 
decrease. Due to the effect of smoke barrier after the entrainment, the height of smoke layer fall down. If the height of 
smoke layer reach its minimum level and the height of narrow space is too low, it can threat to evacuate. 
(a) (b)  
(c) (d)  
 
Fig.6 Effect of smoke barrier on the mean temperature of smoke layer in the different conditions of (a) Fr=3, (b) Fr=4, (c) Fr=5, and (d) Fr=6 
Fig.6 shows us the influence of height of smoke barrier to mean temperature over critical smoke layer in the narrow 
spaces. From these diagrams, the mean temperature of critical smoke layer increased along with the height of smoke barrier 
increasing. This is due to increased smoke barrier shortening the length of entrainment zone, reducing the amount of 
entrainment, and then improving the mean temperature of critical smoke layer. From Fig.14 and 15, we can see that the 
simulated values are slightly higher than the theoretical values when Fr is large. This is because along with the velocity of 
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smoke increasing, smoker barrier causing increased turbulence and flowing back to the other side, and making low mass 
flow of simulation relatively, and the mean temperature of critical smoke layer is high, but the error very small 
correspondingly, then it meets the application requirements. 
5. Conclusion 
Through the analysis of the influence of the smoke barrier in narrow spaces on the smoke mass flow, the height of 
critical smoke layer and mean temperature of smoke layer in critical value, the following conclusions are obtained. 
1) After analysing and simulating the smoke flow in narrow spaces, the entrainment and the depth of smoke layer in 
critical value are decreasing constantly while the critical mean temperature of smoke layer is raising during the increasing of 
the height of smoke barrier. Thus, when it gets the zero value, the air entrainment and the depth of smoke layer in critical 
value will get the maximum and the critical mean temperature of smoke layer will get the minimum. And when the height of 
smoke barrier greater than or equal the value of z0, the value of air entrainment will be zero. 
2) In code of our country, the height of smoke barrier must be 0.5 m. but different conditions should be considered 
differently through the analysis and simulation. We should not only be increasing the height of the smoke barrier and reduce 
the air entrainment, but also control the minimum height of smoke layer which is smoke layer at smoke barrier in more than 
2 m, in order to ensure the safe evacuation of personnel. In addition, it can meet the use function in daily life. 
3) In design of the exhaust system, the effect of smoke barrier on the air entrainment need to be considered: when the 
height of smoke barrier is small, the flow of gas increases to more than 2 times. 
4) This paper mainly uses the method of theoretical analysis and numerical simulation which is lack of experimental 
support. So the subsequent work will be carried out by experiments to make the conclusion more convictive.  
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